Spatially-resolved Raman spectra of individual pristine suspended carbon nanotubes are observed under electrical heating. The Raman G+ and G− bands show unequal temperature profiles. The preferential heating is more pronounced in short nanotubes (2 µm) than in long nanotubes (5 µm). These results are understood in terms of the decay and thermalization of non-equilibrium phonons, revealing the mechanism of thermal transport in these devices. The measurements also enable a direct estimate of thermal contact resistances and the spatial variation of thermal conductivity.
troscopy forms the motivation for our experiment. Individual single-walled carbon nanotube devices were grown on top of Pt leads, as reported in detail previously [16] . Devices used in this work were grown using ethanol as the carbon feedstock, which has been shown to yield long and low-disorder nanotubes [17] . Figure 1 (right inset) shows a scanning electron microscope image of a 5 µm long nanotube device. Raman spectra were measured in a Renishaw InVia spectrometer with Spectra-Physics 532 nm solid state and 785 nm Ti sapphire lasers. Typical integration times were 60-120 seconds. An Ithaco current preamplifier was used to measure the current through the nanotube. All measurements were performed at room temperature, and in an argon environment to prevent burn-out of devices at high bias voltages. Figure 1 (left inset) shows the current-voltage (I-V) characteristics of a typical quasi-metallic device D1 (5 µm long). Note the NDC, characteristic of suspended devices, above V sd ∼ 0.6 V in D1. Figure 1 shows Raman spectra taken at the center of D1 using a 532nm laser at two bias voltages, V sd =0 V and 1.2 V. Note the narrow G + and broad G − peaks that are characteristic of the TO and LO phonon modes, respectively, of metallic nanotubes. The two peaks downshift unequally in energy on application of a 1.2 V bias voltage. A low enough laser power was used such that the laser itself did not cause any downshift or heating. Note that the defect-induced D band peak in the Raman spectrum, occurring in typical nanotubes around 1350 cm −1 , is absent in most of our devices, as it is in D1. This attests to the low-defect nature of our devices.
We take spatially resolved Raman spectra of our devices at different bias voltages. The 532 nm laser with a diffractionlimited spot-size of 360 nm, affords 10-20 data points along the length of D1. Figure 2(a) shows the Raman shifts of the G + and G − bands, along the length of the nanotube, for V sd =0 V and 1.2 V. At V sd =1.2 V, the bands downshift significantly and develop a spatial profile. The G + profile fits to a fourth order polynomial, while a parabola suffices for the G − profile. The Raman shifts observed at high bias are subtracted from the reference (V sd =0 V) at every spatial point. This nullifies any contributions from the local nanotube environment to the downshift profile.
Previously, we showed that the downshift of the G + and G − bands could be interpreted in terms of increased phonon populations [11] and hence effective temperatures. This interpretation was in agreement with the Stokes/anti-Stokes intensity ratio observed in that work. In this work, we calibrated the G band downshifts with temperature in a temperature-controlled stage. This calibration data is shown in the inset of Fig. 2(b) for device D1. The downshift is linear in temperature, with almost equal slopes for the two bands. The G band temperature is obtained at each point along the nanotube by dividing the voltage-induced change in the Raman shift by the slope of the calibration line. The resulting temperature profiles for the two bands are shown in Fig. 2 
(b).
This result constitutes the first observation of a spatial temperature profile of a single-walled nanotube under Joule heating. Figure 2 (b) also shows that the temperatures at the ends of the nanotube are higher than room temperature and highly asymmetric, indicative of asymmetric thermal contact resistances. Of ten 5 µm devices studied, 3 devices exhibited G + and G − bands that could be resolved separately with bias voltage. All three devices showed the same qualitative behavior described above. Note that the G band Stokes/anti-Stokes intensity ratio was not resolvable with bias for any of these three devices.
In an earlier work [11] , we reported that only one of G + or G − bands downshifted with bias. This observation was most prominent in shorter devices (≤ 2µm). Figure 3 (inset) shows the Raman spectrum for such a 2 µm device, D2. On application of V sd =1.2 V to this device, the broad G − band (LO) downshifted by 22 cm −1 , while the other bands (G+ and another mode at ∼1545 cm −1 ) remained unchanged within 1 cm −1 , similar to results reported in [11] . Figure 3 shows the (converted) effective temperature of the G + and G − bands at V sd =1.2 V, along the length of D2. Thus, while the G − band shows a non-uniform temperature profile, the G + and other band at 1545 cm −1 (not shown, to maintain clarity) show no modulation in space (within the error of the measurement).
We now interpret these results. In thermal equilibrium, both G + and G − downshift equally, as observed in the temperaturecontrolled stage data of incides with room temperature; therefore, the observation that the G + mode of D2 does not modulate with bias or space indicates that the lattice remains at room temperature. In contrast, the G − mode exists at an elevated non-equilibrium effective temperature, as a direct result of generation by high-energy electrons. In long nanotube devices, these hot phonon modes transfer energy to the pool of thermalized phonons through inter-phonon scattering processes, heating up the rest of the lattice. We note that while the G − bands of D1 and D2 are broad, indicative of strong electron-phonon coupling present in metallic nanotubes [18] , their intensities differ strongly. This is likely the effect of differing chiralities for D1 and D2 [19] . To study whether chirality plays an important role in our observations, we tabulate in Table I , the bias response of the G band with length and G + /G − intensity ratio for several devices. Table I confirms that length, rather than chirality, is the primary difference between equilibrium and non-equilibrium behavior.
For a quantitative explanation, we first model the hot phonon profile for the simpler case of no lattice heating (Fig.  3) . In this case, thermal transport is not governed by Fourier's law (diffusive heat transport), since the thermalized phonons are not heated. Instead, one needs to understand the decay process of the hot phonons. Consider a nanotube of length L under uniform heating by an electric current I. Let g(I) be the hot phonon generation rate per unit length, d be the phonon decay length and τ be the decay time. Hence, a phonon generated at point x has a probability of reaching point x 0 given by exp(−|x − x 0 |/d), which is a general characteristic of decay processes. Considering phonons arriving from both directions and a decay rate of n/τ , where n is the phonon population at any point, the continuity equation gives:
Plotting the solution for L=2 µm, one obtains a good match to the temperature profile of G − in Fig. 3 using a decay length d ∼ 1µm.
We also need to understand the mechanism of power dissipation. In device D2, at V sd =1.2 V and peak I ∼5 µA, the power input to the nanotube is 6 µW, carried away mainly by thermal conduction along the nanotube. The electronic contribution to thermal conduction is known to be a small fraction (1/5th or less) of the equilibrium lattice contribution [20] . An upper bound to the lattice thermal conductance, G th , of nanotubes in quasi-equilibrium is given by the result for ballistic phonons [21] . At room temperature, G th ∼ 8r t W/K [22] , where r t is the nanotube radius in meters. A weak RBM was observed in the Raman spectra of this nanotube at 240 cm −1 , which corresponds to a nanotube diameter of 0.96 nm by the relation ω RBM = 204/d t + 27 [23] . This yields a thermal conductance of 4 nW/K for the nanotube assuming near equilibrium conditions. From the relation . Q= G th ∆T , the lattice cannot dissipate 6 µW of power without heating to extremely high temperatures. However, such lattice heating is not supported by our observation, as discussed earlier.
We explain this apparent mismatch between heat generation and dissipation by considering the role of hot phonons. The estimate for G th assumes that all phonon modes are in thermal equilibrium. Using the Landauer model for phonon transport to calculate the thermal power conducted [20] ,
we can estimate an upper bound for the heat transport by hot modes in the ballistic phonon limit. In equation (2), η is the Bose-Einstein distribution function, ζ is the transmission set to 1 (see e.g. ref. 20) , v m is the group velocity of the mth phonon mode and ω m is the phonon energy. Since the effective temperatures under consideration (T hot ∼900 K) are much smaller than ω m (∼2000 K), the distribution can be taken to be constant, η 0.1. Integrating over the range of energies of these phonons (1300-1600 cm −1 ), equation (2) reduces to . Q ph 0.4N η µW, where N is the total number of hot phonon modes. Thus, it is possible to dissipate the generated heat if 150 phonon modes participate in heat transport. This is smaller than the total number of phonon branches of D2 and hence reasonable. Figure 4 (inset) shows a schematic of this heat removal mechanism. With this understanding of hot-phonon decay and thermal transport for the strongly non-equilibrium case, we now consider longer devices, which show conditions closer to equilibrium. As Fig. 4(inset) shows, the bulk of the lattice becomes heated because the devices are long enough for the hot phonons to thermalize. In this case, the lattice could carry away a significant proportion of the heat generated. Since the lattice is almost as hot as the non-equilibrium phonons, we can estimate the thermal conductivity in the limit where all the heat is dissipated through the lattice. We use an iterative Fourier's law approach along with the Landauer model for electron transport, as developed in ref. 6 . Following their formulation:
with
op,abs (x)) −1 (4) Here, A is the cross-sectional area of the nanotube, κ(x) is the thermal conductivity and R(x) is the resistance, corrected for contact resistance ∼25 kΩ and dependent on the effective electron mean-free-path λ ef f (x). λ ef f (x) is a function of the lattice temperature T ac , hot phonon temperature T op (which are known from our measurement) and scattering lengths λ ac,RT , λ op,min [6] . The spatial variation of the parameters necessitates the use of a finite element iterative calculation. Using suitable values for the scattering lengths (as obtained from experiment [2, 3] ), λ ac,RT ∼1.6 µm and λ op,min ∼180 nm, we can obtain a spatial variation of the thermal conductivity. Note that the thermal conductivity as obtained from Fourier's law (eqn. 3) is extremely sensitive to the diameter of the nanotube. While device D1 did not show an RBM in its Raman spectrum, similar data was obtained from device D3 (L=4.6 µm, ω RBM =124 cm
The above analysis yields a spatial variation of thermal conductivity for D3 as shown in Fig. 4 , roughly following the spatial temperature profile. We note that the magnitudes of κ are similar to other measurements on single-walled nanotubes [24] , thus validating the assumption in longer devices that the lattice is the dominant heat carrier. The hot-phonon thermalization length is thus larger than 1 µm and ∼2.3 µm, considering L/2. Note that κ shown in Fig. 4 approaches 6000 W/m-K at the maximum (where T ∼900 K) and is among the highest reported for any material [25] .
Our data also allows a direct estimate of thermal contact resistance, R th . Previously, laser heating of nanotubes was used to determine of the ratio of thermal contact resistances the left (L) and right (R) lead, R th,L /R th,R [26] . In our case, since both temperature and heat flow are known, we can directly compute both R th,L and R th,R . For D1, we obtain R th,L 8 × 10 7 K/W and R th,R 10 7 K/W respectively. Similar values are obtained for other devices. The asymmetry is device specific and likely dependent on the nanotube-metal contact interface. Thermal contact resistance, thus, accounts for a significant temperature drop at the ends of the nanotube.
In summary, the spatial temperature profile of electricallyheated single-walled nanotubes is obtained for the first time. This measurement provides insights into the mechanism of thermal transport and gives a spatial measure of the thermal conductivity and thermal contact resistances of carbon nanotubes.
